We consider interference between the Higgs signal and QCD background in gg → h → γγ and its effect on the on-shell Higgs rate. The existence of sizable strong phases leads to destructive interference of about 2% of the on-shell cross section in the Standard Model. This effect can be enhanced by beyond the standard model physics. In particular, since it scales differently from the usual rates, the presence of interference allows indirect limits to be placed on the Higgs width in a novel way, using on-shell rate measurements. Our study motivates further QCD calculations to reduce uncertainties. We discuss possible width-sensitive observables, both using total and differential rates and find that the HL-LHC can potentially indirectly constrain widths of order tens of MeV.
Introduction.-The recent discovery of a Standard Model (SM)-like Higgs boson at the LHC opens a new era of research in particle physics. The Higgs boson is directly connected to the origin of mass of fundamental particles and the electroweak scale. Therefore, precision tests of the properties of the Higgs boson provide a unique window into these basic questions. At the LHC, the current sensitivity in the cleanest Higgs boson channels is already exceeding expectations, while projections for future sensitivity after the high luminosity LHC (HL-LHC) run are at the few percent level [1, 2] . In anticipation of the coming era of high precision Higgs physics, small effects in Higgs production and decay rates should be carefully scrutinized, and together with new observables, they may shed light on beyond the standard model effects encoded in the Higgs partial and total decay widths.
In this letter, we explore the physics potential for constraining the SM Higgs total decay width from the change in on-shell Higgs rates due to interference effects between the Higgs signal and the QCD background. This change in rates requires the existence of a so-called strong phase in the amplitudes, that can be present both in the Higgs signal and in the continuum background, as is the case in the SM. We shall demonstrate that, the different scaling behavior between the strong phase induced interference and the Breit-Wigner parts of the on-shell Higgs rate may allow the placement of bounds on, or even measurements of, the Higgs boson total width. Both theoretical and experimental uncertainties are the leading limiting factors in this program. On the other hand, without the strong phase induced interference effects, fits to on-shell Higgs rates can only place bounds on the total width by making definite theoretical assumptions [3] [4] [5] .
In the following we shall focus on the process gg → h → γγ, which will be measured with very high precision at the LHC. The interference effect affecting the Higgs production rate through this process was estimated more than a decade ago in Refs. [6, 7] . We explore this effect further and highlight for the first time the resulting sen-sitivity to the Higgs boson total decay width. We study the change in the cross section as a function of a veto on the Higgs boson transverse momentum and as a function of the photon scattering angle in the diphoton rest frame. More recently, interference effects in this channel have been studied extensively in [8] [9] [10] [11] , putting the main emphasis on the interference part proportional to the real component of the scalar propagator that shifts the Higgs diphoton invariant mass peak at the +10 MeV to −70 MeV level, depending on the cuts. The interference effect investigated in this work is complementary to those studies in the sense that, it is proportional to the imaginary component of the propagator and provides information on the Higgs total decay width from an on-shell Higgs boson cross section measurement. Our effect is also complementary to the off-shell method [12] [13] [14] , since it is independent of new physics effects that may distort the measurements in the far off-shell region.
Interference effects and sensitivity to the Higgs Width.-To quantify the effect of the Higgs boson on the diphoton production rate, including the effect of interference with QCD background, we compute observables based on the following combination of amplitudes,
where A h and A bkg are amplitudes for diphoton production through an s-channel Higgs and for the rest of interfering SM processes, respectively. For simplicity, helicity indices are suppressed in this section. In the following, it is useful to write the amplitude for gg → h → γγ in a form which explicitly factors out the loop-induced couplings to gluons (F gg ) and photons (F γγ ), 1
Considering Eq. (1), the interference term can come from different contributions. Taking both F gg and F γγ as real Wilson coefficients of effective vertices is sufficient for most purposes. In such a case, A h is purely imaginary when exactly on-shell,ŝ = m 2 h . In addition, the phase of the leading order QCD background amplitude for gg → γγ is often neglected. These two approximations imply that the interference term in Eq. (1) vanishes atŝ = m 2 h . Moreover, under the above conditions, the interference term is proportional to the real part of A h , and hence an odd function ofŝ − m 2 h . Therefore, upon dŝ integration the interference term does not change the overall rate but rather shift in the location of the peak [8] [9] [10] [11] . 2 Interestingly, a careful inspection of additional contributions to the interference term reveals effects that are not captured in the above discussion. Both the Higgs couplings F gg and F γγ as well as the background amplitude A bkg receive absorptive contributions that arise from loops of particles that are sufficiently light to be on shell. The resulting induced phases are usually dubbed 'strong phases' in the flavor literature and we will adopt this terminology here. 3 In the presence of a strong phase we can write the interference term as
, where we have taken δ h = arg[F gg ] + arg[F γγ ] and δ bkg = arg[A bkg ] as the signal and background strong phases, respectively. The first term in the square bracket is the contribution to the interference term that, as we discussed below Eq. (2), does not modify the overall rate upon integration overŝ. The second term is the subject of this work and leads to a modified rate in the presence of a strong phase. For convenience, we define In the SM the dominant contribution to I int h comes from the phase of the background amplitude at two loops [6, 7] . The signal amplitude also contains a strong phase, mainly due to bottom quark loops. We have performed a calculation of the interference effect that accounts for absorptive effects from both signal and background. In Fig. 1 we illustrate the features of the interference effects. The line shape, the differential crosssection as a function ofŝ, is shown for the pure Breit-Wigner (only |A h | 2 ), and for the interference contributions I int h and R int h as well as for the sum of both. For visualization, the interference contribution I int h has been magnified by a factor of 10. In this figure we show the lineshapes obtained including NLO effects with virtual corrections only. After summing over different interfering helicity amplitudes, we obtain averaged strong phases δ h = (π + 0.036) and δ bkg = −0.205 for the signal and background, respectively.
Given that the interference term I int h and the Breit-Wigner term have a different dependence on the Higgs boson total width and most other on-shell Higgs cross sections are with negligible interference contribution, it follows that the on-shell cross section of gg → h → γγ gains sensitivity to the total width. Schematically,
This equation can be identified as expressing the parametric dependence of the cross section in the form of σ = σ BW (1 + σ int /σ BW ). The first term in this equation displays the usual dependence of an on-shell cross section on the decay width, identical to that of the narrow-widthapproximation result. In the absence of the interference effect it implies that such cross sections are insensitive to simultaneous changes to the Higgs couplings and total width that leave the quantity |F gg | 2 |F γγ | 2 /Γ h invariant -this is the so-called flat direction in this parameter space. Combining the γγ rate with other channels will not eliminate this ambiguity since all on-shell rates exhibit an identical scaling with the corresponding couplings, namely g 2 i g 2 f /Γ h where g i and g f are the couplings for production and decay of the corresponding channel, respectively. However the presence of the second interference term in Eq. (5) lifts this degeneracy. This special dependence on the total width can, in the fullness of time, be exploited by global fits of experimental data that determine Higgs properties.
As a concrete example that demonstrates the potential of this novel effect, without loss of generality we can consider excursions in the flat direction corresponding to,
The total Higgs cross section can then be written as,
The result of a full NLO calculation of the interference effect are presented in Fig. 2 , that shows the relative size of the interference effect as a function of the total width, normalized to its SM value, for parameter excursions defined by Eq. (6). 4 The variation of the interference effect with the total width is shown imposing a 20 GeV p h T -veto, with and without LHC cuts on the final state photons. Since the interference effect is largest at small scattering angles (see Fig. 3 ), the photon cuts reduce the expected interference. This small consideration in the SM leads to much bigger differences for Γ h Γ SM h . Observe that in the SM the interference contribution is destructive. However, if the sign of F gg F γγ were flipped, (δ s → π + δ s ), the interference effect would lead to an enhancement of the diphoton rate rather than a suppression. The theoretical scale uncertainty is shown in the bottom panel of Fig. 2 and amounts to about +50% −30% . For example, the interference effect is −(2.20 +1.06 −0.55 )% without photon cuts for SM Higgs. Although a measurement at the 2% level may be challenging at the LHC, this shows that a precise measurement of the gg → h → γγ rate can place a limit on the width of the Higgs boson. In this respect a measurement of the ratio of the γγ rate to the 4 rate is a promising route to reduce many of the systematic and theoretical, e.g. PDF and other parametric, uncertainties.
Kinematic Dependence of the Interference.-It is important to understand the variation of the interference effect with kinematic variables. In Fig. 3 we show the differential distribution of the ratio σ int /σ BW as a function of the photon scattering angle (in the γγ rest frame) for different orders of the signal and background amplitudes for the SM Higgs. The brown dotted line shows the interference effect at LO (1-loop) in both signal and background, but without including the signal strong phase. Staying at this order, but now including the strong phase in the Higgs amplitude leads to a somewhat larger effect, shown by the green dashed line. The background strong phase is suppressed by the masses of light quarks at one loop, but this suppression is absent at the two loop level. We therefore see a sizable enhancement in this interference effect once we include the background amplitude at two loops (magenta, dotdashed line). This curve is similar to the estimate of Ref. [7] . The full NLO calculation is shown by the solid blue line. The slight dilution of the effect going from the dot-dashed line to full NLO originates from an enhancement of σ BW from real emission effects. For all curves we see that the interference effect is largest in the forward direction due to the kinematic behavior of the interfering background in this region. Strategies for constraining the Higgs Boson Width.-The most straightforward approach is to compare the on-shell Higgs rate to the standard model prediction, with and without the inclusion of the interference term. The different parametric dependence of the Breit-Wigner and interference terms would allows us to access the Higgs total width. The HL-LHC projections for the statistical uncertainty in the rate of the 0-jet and 1-jet tagged Higgs to diphoton channels are 4% and 5%, respectively [2] . These measurements, however, are dominated by larger systematic and theoretical uncertainties, including those of beam luminosity and PDF. The best measured channels at the LHC, gg → h → γγ and gg → h → 4 , provide the most accurate cross section ratio, projected to be measurable at the 4% level [2] . In contrast to single cross section measurements, the precision on this ratio is statistically limited. We observe, however, that if we naively scale the statistical uncertainty from the 8 TeV measurement [29] as the square root of the number of events, one reaches an impressive statistical uncertainty of 1-1.5% at the HL-LHC. Together with the potential for improved analyses, it is not unreasonable to have high expectations for future HL-LHC performance. Regardless of the ultimate reach of the HL-LHC, a few percent level is interestingly within striking distance of this novel interference effect.
Keeping the current theoretical uncertainty band in mind, the projected sensitivity of 4% on the ratio of γγ to 4 yields can be translated into an upper limit of 22, 14, and 8 on Γ h /Γ SM h at 1-σ level, for low, central and high theoretical expectations on this interference effect, respectively. 5 These expected sensitivities assume the observed measurement will agree with the standard model prediction, including our interference effect. This also assumes that the couplings to photons and Z bosons maintain their SM ratio and the photon and gluon couplings respect Eq. (6). The Higgs cross section precisions are anticipated to improve by at least one order of magnitude at a future circular pp collider [33, 34] . This can be naively translated into lower and upper limits on the Higgs total width of 0.5 < Γ h /Γ SM h < 1.6 at 1-σ level using the central value from our NLO theory calculation. This high level of precision may thus establish the existence of the interference effect at 3-σ level and differential distribution study will further improve it. 6 The interference effect on the total rate cannot be measured separately from the rate itself. Therefore it is important to consider strategies for limiting the size of the interference effect independent of a flat direction or any additional theory input for the ratio of the Higgs boson branching fractions. The effects of interference can be measured independently from the rate by probing its dependence on kinematic observables such as the scattering angle shown in Figs. 3. The best sensitivity to this effect would presumably be achieved by employing a multi-variate analysis on the data. Here we will simply consider a coarse binning of these distributions that can be compared with data as the precision improves.
The isotropic nature of the Higgs boson decay means that, in principle, the interference effect can be mapped out by measuring the photon polar angle in the Higgs boson rest frame. Table I shows the size of the interference effect, as a fraction of the Breit-Wigner part of 5 This limit is worse by one order of magnitude than the off-shell Higgs measurement that constrains the Higgs total width [12] [13] [14] . However, unlike the off-shell Higgs measurement, our effect is independent from the assumptions on the high-energy behavior of the Higgs boson and the absence of new physics contribution in the off-shell region. For more detailed discussion, see e.g., chapter I.8 of the Higgs Yellow Report [30] and Refs. [31, 32] . 6 Although the Higgs total width might be measured well by future lepton colliders, our interference effect would still be important for precision studies of the gg → H → γγ process at the FCC-hh. For example, our interference effect, together with the diphoton invariant mass shift [8] [9] [10] [11] , would test the Higgs amplitude in both its I int h and R int h components. Furthermore, our effect will be sensitive to CP-violation effects in the gluon-gluon-Higgs coupling at the Higgs mass, which can hardly be tested elsewhere. We leave this for future work. the Higgs boson signal, for a few bins in |cos θ|. Here we consider three selection criteria -the application of no cuts at all, no photon cuts but the application of our Higgs p T veto, and finally our LHC photon cuts together with the veto. We will not attempt to estimate the reach of this analysis method. However, observe that, for the 2 → 2 scattering configurations that dominate the interference effect, the value of |cos θ| is constrained by the photon selection cuts. It would be possible to observe a significantly larger interference if the photon acceptance coverage were enlarged.
Conclusion.-In this letter we discuss the change in the gg → h → γγ on-shell rate, due to interference between the Higgs signal and the QCD background amplitudes, as a way to provide a novel handle to constrain -or even measure -the Higgs boson total width. We perform a full NLO calculation at order α 3 s of the interference effect and find that in the standard model it leads to a reduction of the on-shell rate by ∼ 2%. The proposed method for gaining sensitivity to the Higgs boson width is complementary to other methods that have been discussed in the literature. Altogether our study aims at motivating a more thorough examination of Higgs precision physics taking into account the strong phase induced interference effect in different Higgs boson observables.
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